ABSTRACT
INTRODUCTION
The binding of proteins to nucleic acids is an important step in many cellular functions, including DNA replication, recombination and repair, transcription, RNA processing, and viral assembly. A complete understanding of these functions will require information about the structures of participating nucleic acid-protein complexes, their thermodynamics, and the kinetics of their formation and dissociation. The gel electrophoresis mobility shift assay (1, 2) is widely used for the detection and analysis of nucleic acid-protein interactions. This assay is based on the electrophoretic separation of protein-nucleic acid complexes from the free nucleic acid and protein components of reaction mixtures. The potential to resolve complexes differing in stoichiometry (2, 3) and/or conformation (4-6) is a major advantage of the gel method over other assays. Because highly purified proteins are unnecessary for the detection of binding (7) , an important use of the gel method is the qualitative characterization of DNA binding activities in crude cell and nuclear extracts. The assay has also been used for the quantitative analysis of binding equilibria and kinetics (cf. 3, [8] [9] [10] [11] [12] .
The electrophoretic resolution of protein-nucleic acid complexes is essential for most applications of the mobility shift assay. In spite of this, the factors contributing to the stability of complexes during electrWphoresis are poorly understood. Because components of the binding reaction are separated during the gel run, some dissociation of the complexes is expected and generally observed (2, 11, 13) . It is surprising, therefore, that labile complexes often persist through gel runs that are significantly longer than their free-solution lifetimes (2, 9, 10, 14) . This observation led to the suggestion that properties of the gel environment can increase the stability of protein-nucleic acid complexes (2) . Computer simulations of transport coupled to reversible binding (15) provide eoretical support for this notion. These show that for labile complexes, a stabilizing mechanism is necessary in order to obtain predicted mass distributions similar to those found by electrophoresis.
Several proposals have been made to account for the apparent gel stabilization of protein-nucleic acid complexes. These fall into three mechanistic classes: excluded volume effects, matrix interaction effects and solvation effects. In excluded volume mechanisms, the stabilization of complexes can result from the increased effective concentrations of reactants in the gel, which is a consequence of their exclusion from a fraction of the gel volume (2, 16) . A widely invoked example of this tpe is the 'cage effect', in which the gel slows the separation of recently dissociated protein and nucleic acid molecules and thus favors their monogamous reassociation (2, 9, 15, 17) . In matrix interaction mechanisms, contacts between the gel matrix and one or more reaction components enhance the stability of the complexes (2, 18) . Solvent effects depend on differences in the thermodynamic activities of solvent molecules in free solution and in the gel. If, for instance, there is a net displacement of water from protein and nucleic acid surfaces during binding, then complexes will be stabilized on entering the gel if the thermodynamic activity of water in the gel is less than that in free solution (15, 17, 18 CAP protein E. coli strain pp47, containing plasmid pHA5, was the kind gift of Dr H.Aiba. CAP was purified from these cells according to the method of Fried (20) . Judged by SDS -polyacrylamide gel electrophoresis, the resulting protein was -95% pure. The preparation used in this study bound 10 nmol cAMP/mg protein in the cAMP binding assay of Anderson et al. (21) and was 37% active in cAMP-dependent binding to lactose promoter restriction fragments. CAP concentrations were determined spectrophotometrically, using E28 = 3.5 x 104 M-' cm-1 per dimer (21) .
The concentrations of CAP given throughout this paper refer to the species active in sequence-specific DNA binding. DNA Plasmid pMM02 was constructed by inserting the 234 bp EcoRI-Pvull fragment from plasmid pUC19 (22) between the EcoRI and SmiaI sites of pUC19 (M.Fried, unpublished results). A 219 base pair lactose promoter fragment ( Figure 1 ) was isolated from plasmid pMM02 by endonuclease Hindm digestion followed by chromatography on Sepharose CL-4B. With the exception of its ends, this fragment spans the same DNA sequence as the 203 bp lac promoter fragment employed in previous studies (4, 8, 9) . DNA fragments were labeled at 5' termini with 32p according to the method of Maxam and Gilbert (19) . The concentration of DNA in stock solutions was determined spectrophotometrically, using E26 = 1.3x104 M-l cm-l per base pair. 
Electrophoretic analyses

Error analysis
The estimation of errors of fitted parameters was performed as described by Brodersen et al. (23) . Parameters representing the least squares 'best' fit to the data were multiplied by random variables with a mean value of 1. Two hundred sets of parameters that gave fits to the data that were acceptable within a probability limit of 0.95, according to the F test (24) , were retained. The minimum and maximum values of each parameter found in the acceptable sets are presented as the probable error range of that parameter.
RESULTS
Kinetics of CAP dissociation from the lac promoter in free solution CAP-DNA complexes were formed at a molar ratio of 1. 1, in solutions containing 1.1 x 10-9 M lac promoter fragment Formation of protein-DNA complexes Binding reactions were carried out at 21 4 1°C in 20 mM Tris (pH 7.5 at 21°C), 10 mM sodium acetate, 0.5 mM EDTA, 5% glycerol, 20 ,uM cAMP (binding buffer). Reaction mixtures for gel mobility shift analysis also contained 0.1 mg/ml bovine serum albumin to act as a carrier protein; this was omitted in reactions analyzed by nitrocellulose filter binding assay. Complexes were formed by addition, with gentle mixing, of CAP to solutions containing 32P-labeled DNA. Mixtures were equilibrated for 1 h. Duplicate samples incubated for longer periods gave identical results, indicating that equilibrium had been attained. ( Figure 2A ). The predominant complex formed under these conditions contains one dimer of CAP occupying CAP site 1 in the promoter (25 The lifetime of CAP-DNA complexes in free solution depends strongly on the concentration of competing DNA. When a nonspecific competitor is used, the dissociation reaction is secondorder in competing binding sites (9) . A similar result is obtained when the competing DNA is a restriction fragment containing high-affmnity sites for CAP (Figure 3 ). Under these binding conditions, the limiting value of kdiss in the absence of competitor (k0) is -1.6x 10-4 s-. The value of 6 ln(ka, -k4)I 6 ln[lac 219] is 2.0 (Figure 3, inset) , indicating that the reaction is second-order in competing 219 bp lac fragment. Any competitor-independent dissociation pathway (first-order overall, zero-order in DNA) must be substantially slower than the DNAcatalyzed one, since similar flux through the two pathways would result in an apparent reaction order in competing DNA that is less than 2.
Gel concentration influences the stability of CAP-DNA complexes during electrophoresis The dissociation of CAP-promoter complexes during electrophoresis can be observed by loading aliquots of an equilibrium mixture at intervals in consecutive lanes of a running gel (13) . Samples loaded first experience a longer running time than do samples loaded later. Dissociation during the run reduces the intensity of the complex band; the released DNA migrates more rapidly than the complex and is found, after the run, at positions between the complex band and that of free DNA (Figure 4 ). Similar rate constants were found for gels operating at 4, 6.6 and 10 V cm-l, indicating that under these conditions, the stability of CAP complexes is independent of electrophoretic transport rate (results not shown). In all cases, dissociation rates in gels were less than those found under the same buffer conditions in free solution at finite concentrations of competing DNA. It is intriguing that the value of kdiSs in a 3.5% gel is similar to that found for the free solution dissociation reaction, extrapolated to the limit of [competing DNA] = 0, but that at higher gel concentrations, kdi,s is considerably reduced.
Significantly, the lifetime typical of the CAP complex in 10% gels, estimated from l/kdiSs, is -2.0x 104 s, or '-5.5 h. Since this is roughly twice the duration of the typical gel run, it easily accounts for the resolution of this complex as a discrete electrophoretic species and for its quantitative detection shown in Figure 2B . An (9, 26) . Thus, the gel matrix might stabilize complexes by reducing their encounter frequency with competing DNA. If this is the case, the protection of complexes should be more efficient at high polyacrylamide concentrations than at low and should decrease with increasing competing DNA concentration. In addition, for completely sequestered complexes, dissociation should be competitor-independent (of zero-order in DNA). To test these predictions, we measured the DNA exchange rates of CAP-promoter complexes during gel electrophoresis. DNA exchange can be observed in the gel if the electrophoretic mobility of the competing DNA is greater than that of the protein-DNA complex (2 (2) in which wo,mpettor and wcomplex are the widths and m.empitor and mcomplex are the mobilities of the corresponding electrophoretic bands. Shown in Figure Exchange reactions were performed as described in Figure 5 .
The equilibrium mixture applied to gels contained CAP (2 x 10-9 M) and 32p_ 
DISCUSSION
CAP-DNA complexes are stabilized in the gel A major conclusion of this study is that that the gel matrix enhances the stability of CAP-DNA complexes. In a previous study using different buffer conditions, Revzin et al. found that the dissociation rates of CAP-DNA complexes in 5% gels were similar to those in free solution, and concluded that the gel did not exert a stabilizing effect (13) . However, they did not report tests at other gel concentrations and so most probably did not observe the trend of decreasing kdi55 with increasing polyacrylamide concentration that we describe here. The 'band passage' experiment ( Figure 5A) Figure SB) . By varying the exchange time in the band passage experiment, we were able to measure the pseudo first-order dissociation rate constants for CAP dissociation in 5% gels as a function of the concentration of competing DNA ( Figure 6 ). These rate constants can be compared with ones obtained for the reaction run in free solution (data shown in Figure 3) ; for the range of DNA concentrations tested, the observed rate constants are always smaller in the gel than in free solution.
Reacting species are sequestered by polyacrylamide gels Association reactions are rapidly quenched when CAP, DNA and CAP-DNA complexes migrate into the gel (9). Quenching is also seen when dissociation reaction mixtures containing CAP-DNA complexes and competing DNA migrate into gels (Figure 2 , above). All else being equal, these reactions would not be quenched if the encounter frequencies of reactants were the same in the gel as they are in free solution. In addition, the dependence of the dissociation mechanism of CAP-DNA complexes on competing DNA differs dramatically in gel and free solution (see Figures 3 and 6B) . We interpret this in terms of two reaction pathways; a slow, first-order process (zero-order in competing DNA), and an additional mechanism that is secondorder in DNA [possible mechanisms have been discussed by Fried and Crothers (9) and by Brown and Crothers (26) ]. In free solution, encounters of competitor with complex are frequent and the reaction appears to be purely second-order in DNA. In the gel, over the same range of DNA concentrations, the reaction is characterized by a fractional-order in DNA (-0.3, Figure 6B ), indicating that the DNA-independent pathway has become relatively more important than the second-order one. In principle, the reduced reaction order in the gel could indicate that the 15) , and if the exchange of macromolecules between adjacent compartments is slow, the time-dependent probability of encounter between complex and competitor should be greater if the gel contains a small number of large pores than if the gel contains a large number of small pores. Accordingly, this model predicts a reduction in exchange rate with increasing gel concentration. As shown in Figure SB , this expectation is met for 5, 10 and 15% gels over a DNA concentration range that spans 4 orders of magnitude. The model predicts that as gel concentrations increase (pore volumes decrease), higher concentrations of competing DNA will be required in order to produce equivalent amounts of exchange in a given interval. The predicted trend is shown by the data in Figure SB . Sequestration can also account for the increased lifetimes of CAP-DNA complexes in gels in the absence of additional competing DNA (Figure 4) . The DNA fragments used in this study are 219 base pairs long, of which only -24 base pairs are occupied by CAP in the 1:1 complex (27) . Since the unoccupied DNA sequences can act as competitor in the dissociation reaction, a reduction in the encounter frequency of complexes should increase their lifetimes.
Relation of sequestration to the cage effect Our models of sequestration and the cage effect depend on the same property of gel matrices, that of slow communication of reactants between accessible volumes (pores). In the cage effect, the separation of dissociated protein and DNA molecules is hindered, increasing the probability of reassociation. In sequestration, reactive encounters are slowed, increasing the effective lifetime of protein-DNA complexes. Since these mechanisms are non-exclusive, both could operate simultaneously. Unlike the cage effect, sequestration should be more effective in the stabilization of protein-DNA complexes that posses a DNA concentration-dependent dissociation mechanism. We are aware of two such proteins, CAP (described here) and the E.coli lactose repressor (9) . It is likely that other proteins possess such mechanisms as well.
